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Abstract 
When Cu(In,Ga)(S,Se)2 is prepared by heating metal precursor films in chalcogen atmosphere (sequential process) 
the resulting films typically show a gradient in the Ga/(In+Ga) ratio over the depth of the film. This is generally 
observed for reaction periods ranging from a few minutes (rapid thermal processing) to several hours. In this work we 
have investigated the Ga distribution in films where the reaction period was reduced to one second. The ultra-fast 
reaction was achieved by passing a high electrical current through the Mo foil substrate after depositing metal and 
chalcogen precursors. 
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1. Introduction 
Chalcopyrite thin films for solar cells are typically prepared by vacuum-based methods such as 
evaporation. Vacuum-based methods are costly in terms of equipment and raw materials utilisation. With 
a view to lower-cost fabrication processes [1], thin films were fabricated from precursors deposited by 
non-vacuum processes  using selenization with H2Se or selenium vapour, such as deposition of oxide 
precursor film and selenization [2,3], or paste coating and heat treatment [4,5]. Other groups have 
synthesized nanoparticle precursors, deposited those onto the substrate using a non-vacuum process, and 
finally sintered the films using a mechanochemical process [6-8]. We have previously reported that 
CuIn(Sex, S1-x)2 solid solution films were prepared by means of non-vacuum, instantaneous, direct 
synthesis from elemental In, Cu, Se, S particle precursor films without prior synthesis of CuIn(Sex, S1-x)2
nanoparticle precursors and without selenization [9,10]. The process was performed using metal substrates 
and a spot welding machine.  
When Cu(In,Ga)(S,Se)2 is prepared by heating metal precursor films in chalcogen atmosphere 
(sequential process) the resulting films typically show a gradient in the Ga/(In+Ga) ratio over the depth of 
the film [11-13]. This is generally observed for reaction periods ranging from a few minutes (rapid 
thermal processing) to several hours. Up to now, the Ga distribution in films prepared instantaneously has 
not been reported nor has there been a direct comparison between Cu(In,Ga)Se2 (CIGSe) and Cu(In,Ga)S2 
(CIGSuf). In this study we have investigated the Ga distribution in CIGSe and CIGSuf films where the 
reaction period was reduced to one second.  
2. Experimental details 
Pieces of Molybdenum foil (10 mm×10 mm×1 mm) were used as substrates. Elemental metals were 
evaporated onto the Mo substrate (sequence: Cu/Ga/In/Mo substrate, Cu/(In+Ga) ratios =1.0 or 1.8 [14], 
Ga/(In+Ga) ratio = 0.2).  Spraying solutions were prepared from commercial elemental powders, S or Se 
or Cu+S (> 99.9 % pure) dissolved in ethylene glycol mono-phenyl ether. The chalcogen part of the 
precursor films was deposited onto the Mo substrates already coated with the evaporated metallic films by 
spraying the suspension. Following that, precursor films were dried in a desiccator. To proceed with the 
reaction, an electrical current was passed through the metal substrate from one of the substrate edges to 
the opposite edge using a spot welding machine. Each of the two 10 × 1 mm2 substrate edge areas was 
contacted with an electrode. Our spot welding power source (MEA-100A manufactured by MIYACHI) 
can be set to supply power ranging between 0.5 kVA and 9.25 kVA in intervals of 0.025 kVA. The 
reaction time can be adjusted between 1/60 seconds and 99/60 seconds in intervals of 1/60 second. The 
reaction time was 1 second for all films. We measured and verified current (0.75 kA-1.20 kA), voltage 
(1.09 V-1.45 V), and reaction time by a tester (MM-380A manufactured by MIYACHI) during the 
reaction. Thicknesses of reacted films were in the range from 1 ȝm to 5 ȝm. The phases present and the 
lattice constants were determined by X-ray diffraction (XRD) using Cu-Kα radiation. Depth profiles of 
the elements of Ga and In were measured by secondary-ion mass spectroscopy (SIMS) using a Cameca 
ion microprobe (IMS-4f).  The primary ion was 133Cs+ having an effective acceleration energy of 5.5 kV 
and the positive secondary ions were monitored.  The analyzed area was about 30 µm in diameter. 
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3. Results and Discussion
Fig. 1. (112) XRD peaks of CIGSe films prepared from                            Fig. 2.  SIMS depth profiles of Ga in CIGSe films prepared                            
precursors with Cu/(In+Ga)=1.0 (a) and                                                    from precursors with Cu/(In+Ga)=1.0 (a) and                                                   
Cu/(In+Ga)=1.8 (b), respectively.                                                              Cu/(In+Ga)=1.8 (b), respectively. 
Figures 1 and 2 show (112) XRD peaks and Ga depth profiles of CIGSe films prepared from 
precursors with Cu/(In+Ga)=1.0 (a) and Cu/(In+Ga)=1.8 (b). In the case of Cu/(In+Ga)=1.0 at lower 
power (1.06 kVA), split peak was observed by XRD. The SIMS profile indicates an increase of the Ga 
content towards the back and front surfaces of the film with a minimum inbetween. At higher power (1.20 
kVA) peak splitting was not observed by XRD, and there is a monotonous increase of the Ga 
concentration from the front towards the rear surface. This shows that Ga diffuses to the bottom of the 
film with increasing supplied power (reaction temperature). In the case of Cu/(In+Ga)=1.8, the Ga 
concentration is almost constant up to 0.5 µm then increases sharply towards the bottom in spite of lower 
power (1.03 kVA). This shows that the Cu-rich condition has a strong influence on the diffusion of Ga.     
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Fig. 3. (112) XRD peaks of CIGSuf films prepared from                         Fig. 4. SIMS depth profiles of Ga in CIGSe films prepared                               
precursors with Cu/(In+Ga)=1.0 (a), Cu/(In+Ga)=1.8 (b),                       from precursors with Cu/(In+Ga)=1.8 (b) and                                                    
and Cu/(In+Ga)>>1.8 (c), respectively.                                                    Cu/(In+Ga)>>1.8 (c), respectively. 
Figures 3 and 4 show (112) XRD peaks and Ga depth profiles of CIGSuf films prepared from 
precursors with Cu/(In+Ga)=1.0 (a) , Cu/(In+Ga)=1.8 (b), Cu/(In+Ga)>>1.8 (c) (precursor evaporate with 
Cu/(In+Ga)=1.8 plus an additional sprayed layer of Cu+S). In the case of Cu/(In+Ga)=1.0, separated 
phases of CuInS2 and CuGaS2 were observed by XRD, there was apparently no inter-diffusion even when 
the power supply was increased from 1.13 kVA to 1.21 kVA.  In the case of Cu/(In+Ga)=1.8, CIGSuf 
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solid solutions were observed by XRD, with a shift in peak position towards a more Ga-rich compound 
with increasing power supply. However, SIMS (Fig. 4 (b)) reveals a thin, very Ga-rich surface layer 
indicating that the inter-diffusion was still incomplete. In the case of Cu/(In+Ga) >>1.8, there is again a 
shift in the peak position with increasing power supply, and the Ga concentration increases toward the 
bottom(see Fig. 4 (c)) in spite of lower reaction temperature than in the previous case of Cu/(In+Ga)=1.8. 
For reaction periods ranging from a few minutes (rapid thermal processing) to several hours, the final 
profile of the inhomogeneous Ga depth distribution strongly depends on annealing temperature and time 
[13]. In this study on ultra-fast reaction within one second, it can be seen that, in addition to the reaction 
temperature, the Cu/(In+Ga) ratio has a rather strong influence on the Ga distribution. It has been reported 
that a thin surface layer consisting of quasi-liquid Cu–Se secondary phases supply group VI elements into 
Cu(In,Ga)Se2 crystals [15], furthermore the gradient in Ga-concentration reduces with increasing group 
VI elements vapor pressure during growth [16]. It can be considered that the Ga diffusion should 
accelerate due to the increase of a supplied group VI elements with increasing Cu/(In+Ga) ratio.On the 
other hand, it has been found that a difference in Ga diffusion behavior is introduced by the different kind 
of group VI elements. The Ga diffusion rate was apparently higher in CIGSe than in CIGSuf for the same 
growth condition. 
4. Conclusions 
We have instantaneously (within one second) prepared CIGSe and CIGSuf solid solution films by 
means of non-vacuum process. We were also able to prepare Cu(In,Ga)Se2 and Cu(In,Ga)S2 films and 
find that the Ga depth profile varies with the electrical power applied to the Mo foil substrate for reaction, 
with the Cu/(In+Ga) ratio in the precursor. The Ga distribution was more homogeneous in the selenide 
films possibly indicating a higher mobility of Ga in these films as compared to the sulphide films. 
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